The effects of bivalent cations on cytochrome b5 reduction by NADH: cytochrome b5 reductase and NADPH: cytochrome c reductase were studied with the proteinase-solubilized enzymes. Cytochrome b5 reduction by NADH: cytochrome b5 reductase was strongly inhibited by CaCl2 or MgCl2. When 1.2/tMcytochrome b, was used, the concentrations of CaCl2 and MgCl2 required for 50 % inhibition (I50) were 8 and 18 mm respectively. The inhibition was competitive with respect to cytochrome b5. The extent of inhibition by CaCl2 or MgCl2 was much higher than that by KCl or other alkali halides. In contrast, cytochrome b5 reduction by NADPH:cytochrome c reductase was extremely activated by CaCl2 or MgCl2. In the presence of 5 mM-CaCl2, the activity was 24-fold higher than control when 4.4,UMcytochrome b5 was used. The magnitude of activation by CaCl2 was 2-3-fold higher than that by MgCl2. The activation by these salts was much higher than that by KCl, indicating that bivalent cations play an important role in this activation. The mechanisms of inhibition and activation by bivalent cations of cytochrome b5 reduction by these two microsomal reductases are discussed.
INTRODUCTION
NADH: cytochrome b5 (cyt.b5) reductase (EC 1.6.2.2) provides electrons via cyt.b5 for several kinds of lipid metabolism, such as fatty acid desaturation [1] [2] [3] , fatty acid elongation [4, 5] and cholesterol biosynthesis [6] . This reductase also supports some cytochrome P-450 (cyt.P-450)-mediated drug metabolism by supplying a second electron to cyt.P-450 through cyt.b5 [7] [8] [9] .
NADPH:cyt.P-450 reductase (EC 1.6.2.4) is another microsomal electron-transport enzyme, which is involved in a variety of drug metabolism by transferring electrons to cyt.P-450 [7, 10, 11] . It was also shown that NADPH: cyt.P-450 reductase can reduce cyt.b5 in a system reconstituted with phospholipid vesicles [12] and is involved in stearoyl-CoA desaturation, which is mediated by cyt.b5 [13] .
These facts show that cyt.b5 can receive electrons from both NADH and NADPH through these two corresponding reductases. We are interested in the mechanism of how these electron-transfer pathways from the two nicotinamide nucleotides to cyt.b5 are switched or regulated.
NADPH: cytochrome c (cyt.c) reductase is a proteinase (trypsin)-solubilized form of NADPH: cyt.P-450 reductase. It lacks a membrane binding region and cannot reduce cyt.P-450, but reduces cyt.c rapidly [14] .
In a previous study [15] , we reported that NADH: cyt.b5 reductase is inhibited by several salts, and the inhibition is caused by the anionic moiety of these salts, such as halides or carboxylates. Univalent cations had little effect on the reaction, but bivalent cations seemed to be inhibitory.
In the present study, we examined the effect of bivalent cations on cyt.b5 reduction by NADH: cyt.b5 reductase in more detail, and also their effect on cyt.b5 reduction by NADPH: cyt.c reductase, because we wanted to know how these cations affect another electron-transport pathway. High ionic strength is known to be necessary for cyt.b5 reduction by NADPH: cyt.P-450 reductase [12] and also its soluble form, NADPH:cyt.c reductase [16, 17] .
As a result, we found clearly opposite effects of bivalent cations on cyt.b5 reduction by these two enzymes, namely that cyt.b5 reduction by NADH: cyt.b5 reductase was strikingly inhibited by bivalent cations, whereas that by NADPH: cyt.c reductase was activated remarkably.
MATERIALS AND METHODS

Chemicals
NADH was obtained from Boehringer-Mannheim. NADPH was purchased from Oriental Yeast Co., Tokyo, Japan, and dissolved in 10 mM-glycine/NaOH buffer, pH 10.0, to keep the stock solution alkaline. CaCl2 and MgCl2 (both anhydrous) were obtained from Lysosome-solubilized enzyme [19] was purified from bovine liver microsomes as described previously [20, 21] .
Preparation of NADPH:cyt.c reductase Trypsin-solubilized NADPH: cyt.c reductase was purified from rat liver microsomes by the method of Omura & Takesue [18] . Purified enzyme has a specific activity of 24.5,umol of cyt.c reduced/min per mg in 0.1 M-potassium phosphate buffer, pH 7.5 at 25 'C. Assay of cyt.b5 reduction All assays were carried out at 25 'C with a Union SM-401 spectrophotometer. The reaction mixture contained 1.23-4.75,M-cyt.b5, 0.1 mM-NADH or -NADPH, and an appropriate amount of enzyme in 2 ml or 0.6 ml of 10 mM-Tris/HCl buffer, pH 7.0, containing 0-0.125 MCaCl2 or -MgCl2. The reaction was started by addition of NADH or NADPH.
Cyt.b5 reduction was measured by monitoring the increase in the A424. The difference absorption coefficient 100 mm-' cm-' [22] was used in the calculation.
Protein content was determined by the method of Lowry et al. [23] with bovine serum albumin as standard.
RESULTS
Effect of bivalent cations on cyt.b5 reduction by NADH:cyt.b5 reductase
The effects of CaCl2 and MgCl2 on cyt.b5 reduction by NADH:cyt.b5 reductase were examined. the activities in the presence of these salts at various concentrations; these salts strongly inhibited this cyt.b5 reduction. The extent of inhibition by CaCl2 was higher than that by MgCl2. The concentrations of CaCl2 and MgCl2 giving 50 % inhibition (150) were 8.1 and 18.1 mM respectively.
To study the kinetics of inhibition, the reaction was performed with different concentrations of cyt.b5 in the presence of CaCl2 and MgCl2. Fig. 2 shows the Lineweaver-Burk plots of the results with MgCl2, indicating that the inhibition by MgCl2 was competitive with respect to cyt.b5. A similar result was obtained with CaCl2.
We previously found that Cl-ion inhibits cyt.b5 reduction by NADH: cyt.b5 reductase competitively [15] .
Therefore we compared the extent of the inhibition by CaCl2 or MgCl2 with that by KCI. Fig. 3 shows apparent Km values determined in the presence of these salts. cyt.b5 reduction by NADPH: cyt.c reductase. Fig. 4 shows the effect of CaCl2 on cyt.b5 reduction when 4.8 /LM-cyt.b. was used as an acceptor. In the absence of Ca2+ the activity was very low. The activity was increased by increasing Ca21 concentrations. With 1 mM-, 2 mMand 5 mM-CaCl2, the activity was 4-, 9-and 22-fold higher than control respectively. Fig. 5 shows the concentration-dependence of the activation on CaCl2 or MgCl2. The extent of activation by CaCl2 was 2-3-fold higher than that by MgCl2 in the range of 0-150 mm. The activity was increased with increasing CaCl2 concentrations up to 100 mm, and at higher concentrations it was gradually decreased. For MgCl2, a broad peak of activation was found at around 200 mm (results not shown).
To find whether the activation was caused by ionic strength or the cation or anion moiety of these salts, we examined the effect of several other salts. Table 1 summarizes the activities in the presence of CaC12, MgCl2 and other salts when 1.4 j/M-cyt.b5 was used as an electron acceptor. The activities with CaCl2 and MgCl2 were apparently higher than with KCl or other salts at 10 mm. These results indicated that the activation by CaCl2 or MgCl2 is caused by the effect of bivalent cations and is not explained by an increase in ionic strength.
To get more information on the mechanism of activation, we determined apparent Km and Vmax values at different concentrations of CaCl2 ( Table 2 respectively. On the other hand, Vmax was increased greatly by addition of CaCl2. The values at 1 mm-and 50 mM-CaCl2 were 2-and 100-fold higher than the control respectively.
DISCUSSION
Recent studies [7] [8] [9] [10] [11] [12] [13] on microsomal electron-transport systems have showed that cyt.b5 plays an important role in connecting two electron-transfer pathways from NADH and NADPH through NADH: cyt.b5 reductase and NADPH: cyt.P-450 reductase respectively.
In the present study, we investigated the effect of bivalent cations on cyt.b5 reduction by these two microsomal reductases. To simplify the reaction system, we used here proteinase-solubilized enzymes. NADH:cyt.b5 reductase was solubilized by lysosomal digestion [19, 20] , and NADPH: cyt.P-450 reductase was solubilized by trypsin [18] . Structural studies of these enzymes showed that both proteinase-solubilized enzymes lack the N-terminal membrane-binding region [21, 25, 26] . Inhibition of cyt.b5 reduction by NADH:cyt.b6 reductase Bivalent cations gave a remarkable inhibition of cyt.b5 reduction by NADH: cyt.b6 reductase. The extent of inhibition was higher than would be expected from the chloride concentration (Fig. 3) , which is inhibitory to this reaction [15] . Thus Ca2" or Mg"+ itself seemed to be inhibitory to the reaction. The kinetics of inhibition was found to be competitive with respect to cyt.b5, and the plots of Km versus [salt] were not linear, but parabolic (Fig. 3) . These features are similar to those observed with alkali or ammonium halides. However, the mechanism of inhibition by CaC12 or MgCl2 may be more complicated, because in this case both anion and cation seemed inhibitory.
Cyt.b5 is an acidic protein, and has an 'anionic site' on its surface, consisting of five carboxy groups and haem propionate [27, 28] . Dailey et al. [28] proposed that NADH :cyt.b5 reductase interacts with cyt.b5 by forming complementary charge-pairing between amino groups of the reductase and the 'anionic site' of cyt.b5.
In our previous paper [15] , we speculated that inhibition by anions is caused by the binding of anions to amino groups in the cyt.b5-binding site of the reductase.
In the present study, we assumed that bivalent cations bind to the 'anionic site' of cyt.b5, because bivalent cations have high affinity to two or more adjacent carboxy groups. We considered that the strong inhibition by CaCl2 or MgCl2 is caused by binding of bivalent cations to cyt.b5 and of Cl-ions to NADH:cyt.b5 reductase. Activation of cyt.b5 reduction by NADPH:cyt.c reductase Several workers reported that cyt.b5 reduction by NADPH:cyt.c (P-450) reductase is activated by high concentrations of salts such as (NH4)2SO4 [16] , KCI [17] and phosphate buffer [28, 29] . The salt concentrations used in those studies were high (0.3-2 M), and the effect was assumed to be an ionic-strength effect.
In the present study, we found that CaCl2 or MgCl2 activated the reaction at lower concentration.
Comparison with the results with other salts (Table 1) showed that the effect is not an ionic-strength effect, but a specific effect of bivalent cations. The kinetic study showed that these bivalent cations decreased Km for cyt.b5 and increased Vmax greatly (Table 2) .
How does the activation by bivalent cations occur? The mechanism by activation is not clear at present, but the decrease in Km for cyt.b5 could be due to the effect on enzyme-substrate (protein-protein) interaction.
The nature of the cyt.b5-binding site of NADPH: cyt.P-450 reductase is thought to be cationic [13, 30, 31] and different from the cyt.P-450-binding site [31] . Dailey & Strittmatter [13] proposed that haem propionate and other carboxy groups on the 'anionic site' of cyt.b5 may interact with amino groups of NADPH:cyt.P-450 reductase. However, more recently Tamburini and co-workers showed that blocking of haem propionate [29] or carboxy groups [32] of cyt.b5 resulted in a great stimulation of electron transfer from NADPH :cyt.c reductase to cyt.b5. It was suggested that the negative charge repulsion between the 'anionic site' of cyt.b5 and negative charges of the reductase may impair the interaction between these proteins, and the removal of negative charge may result in stimulation [29] . In the present system, it is likely that bivalent cations bind to carboxy groups of the 'anionic site' of cyt.b5, and also to negative charges of the reductase, to eliminate the electrostatic repulsion. The decrease in the K,, value for cyt.b5 may support this possibility.
It is also possible that bivalent cations may affect other step(s) than protein-protein interaction. The increase in Vmax by bivalent cations (Table 2 ) seems to suggest this possibility. Further study is required to clarify the mechanism of this activation.
In this study, Ca2" was more effective in both inhibition of NADH: cyt.b5 reductase and activation of NADPH: cyt.c reductase than was MgCl2. However, the effect of Mg2" cannot be ignored, because the concentration of Mg2+ in cells is higher than that of Ca2+ [331. A previous study by Hildebrandt & Estabrook [7] showed that mixed-function oxidation of ethylmorphine, which is thought to be cyt.b5-dependent, was stimulated by Mg2+ at around 5mm. This observation seems interesting in considering the physiological meaning of the bivalent-cation effect.
In this study, cyt.b5 reduction by NADPH: cyt.c reductase was shown to be greatly increased by bivalent cations. The rate of reduction, however, was still much lower than that with NADH:cyt.b6 reductase, although we cannot compare exactly, because we purified these enzymes from different species. It was shown that the presence of the membrane-binding segment accelerates the reduction rate [12] . We suppose that in the presence of bivalent cations the reduction rate by intact enzyme is also higher than that by proteinase-solubilized enzyme. The study using detergent-solubilized enzyme or microsomes in the presence of bivalent cations should be expected.
